Fourier transform infrared (FTIR) spectroscopy provides a unique molecular fingerprint of tissue from endogenous sources of light absorption; however, specific molecular components of the overall FTIR signature of precancer have not been characterized. In attenuated total reflectance mode, infrared light penetrates only a few microns of the tissue surface, and the influence of water on the spectra can be minimized, allowing for the analyses of the molecular composition of tissues. Here, spectra were collected from 98 excised specimens of the distal esophagus, including 38 squamous, 38 intestinal metaplasia (Barrett's), and 22 gastric, obtained endoscopically from 32 patients. We show that DNA, protein, glycogen, and glycoprotein comprise the principal sources of infrared absorption in the 950-to 1,800-cm ؊1 regime. The concentrations of these biomolecules can be quantified by using a partial leastsquares fit and used to classify disease states with high sensitivity, specificity, and accuracy. Moreover, use of FTIR to detect premalignant (dysplastic) mucosa results in a sensitivity, specificity, positive predictive value, and total accuracy of 92%, 80%, 92%, and 89%, respectively, and leads to a better interobserver agreement between two gastrointestinal pathologists for dysplasia ( ‫؍‬ 0.72) versus histology alone ( ‫؍‬ 0.52). Here, we demonstrate that the concentration of specific biomolecules can be determined from the FTIR spectra collected in attenuated total reflectance mode and can be used for predicting the underlying histopathology, which will contribute to the early detection and rapid staging of many diseases.
T ransformation to cancer is characterized by molecular changes that correlate with the overall pathology, and measurements of concentrations of specific molecules within tissues can provide diagnostic and prognostic information for aiding in early detection and outcome measures for therapy. Optical methods of disease detection offer the advantages of multiparametric measures of intrinsic molecular changes without need for contrast agents or ionizing radiation. These properties of optical assessment of tissue composition and disease states will have their greatest benefit in diseases where there are predisposing conditions to identify high-risk patients and where the target tissues are accessible for direct evaluation. Adenocarcinoma of the esophagus is the cancer with the greatest recent increase in incidence in the U.S. (1) . This tumor arises primarily from Barrett's esophagus, a predisposing metaplastic transformation of the esophageal mucosa that results from chronic acid reflux. Barrett's esophagus is present in 15% or more patients undergoing endoscopy for symptoms of acid reflux (2) . Regular endoscopic screening is recommended to identify the presence of dysplasia, a premalignant condition that predicts future malignancy (3) , and this offers opportunities for early detection.
However, conventional histopathological evaluation of dysplasia is limited by lack of agreement on diagnostic criteria and human interpretive variability and, hence, the significant interand intraobserver variability for the endoscopist and pathologist (4) . For example, among experienced gastrointestinal pathologists, the interobserver discordance for low-grade dysplasia is Ͼ50%; fortunately, disagreement is only Ϸ15% for diagnosis of high-grade dysplasia, and improvements in diagnosis are not necessary (5) . Additional markers for dysplasia, such as the presence of aneuploidy on flow cytometry, have been used to help predict patient risk for developing adenocarcinoma (6) . However, this laboratory assay is prone to sampling error because dysplasia in Barrett's is usually flat, patchy, and endoscopically invisible (7) . Unfortunately, any misinterpretation in the presence of dysplasia may lead to catastrophic consequences for the patient, namely, a false-positive identification may lead to an unnecessary esophagectomy, whereas a false-negative histological interpretation may allow a dysplastic lesion to progress to cancer. Thus, a method that can distinguish among tissues in the distal esophagus and between dysplastic and nondysplastic Barrett's esophagus may ultimately be used to guide tissue biopsy, thus increasing the yield of dysplasia detection.
Here, we present the use of Fourier transform infrared (FTIR) spectroscopy in attenuated total reflectance (ATR) mode as a method of performing quantitative analysis of tissue composition and demonstrate its applicability in the analysis of esophageal specimens. Infrared spectroscopy is a powerful tool for studying the molecular structure and composition of cells and tissues without need for exogenous dyes or contrast agents (8, 9) . Tissue absorbs infrared light at characteristic wavelengths determined by the vibrational motions of covalently bonded atoms. These vibrational modes include stretching and bending that can occur in either a symmetric or asymmetric fashion (10, 11) . FTIR is a fast, efficient technique for collecting an infrared absorption spectrum over a broad spectral band with high sensitivity (12) , and this technique has been used to identify neoplasia in breast (13) , cervix (14) , colon (15) , lung (16) , stomach (17) , and pancreas (18) . However, FTIR can be limited by the predominance of the water-absorption spectrum, and therefore, in this study, spectra are collected in ATR mode, which limits the influence of the water band. In ATR mode, an infrared beam passes through an ATR crystal at angles below critical c and undergoes total internal reflection, shown in Fig. 1 . An evanes-cent wave is generated within the surface of the mucosa (2-3 m depth) whose energy can be absorbed by endogenous molecules. With ATR, the path length of evanescent light travel in tissue is determined by c and the relative index of refraction between the tissue and crystal (19) and thus is relatively constant among specimens. In the Michelson interferometer, a moving mirror varies the length of one optical path relative to the other and creates an interferogram that is converted to the absorbance spectrum by a Fourier transform. The use of ATR should enable rapid and quantitative assessment of the molecular composition of tissues as an indication of altered physiology that is characteristic of the disease state and linked to the histopathology that is used to make diagnosis. Therefore, we sought to determine the primary molecular components of the FTIR spectra in cancer and correlate quantitative changes in these molecules with the pathology of early dysplasia.
Results
FTIR Spectra of Esophagus. FTIR spectra collected in ATR mode were obtained from 98 excised specimens acquired endoscopically from the distal esophagus. Two gastrointestinal pathologists independently identified each sample as squamous (n ϭ 38), Barrett's (n ϭ 38), or gastric mucosa (n ϭ 22) with complete agreement. Squamous and gastric mucosa are considered normal findings. Screening biopsies, in particular for short-segment (Ͻ3 cm) Barrett's, often include gastric tissue that is not identified until the histology is evaluated. Further subclassification of the Barrett's mucosa resulted in pathologist nos. 1 (J.M.C.) and 2 (L.R.D.) identifying 15 and 18 specimens, respectively, as dysplasia, and 23 and 20 specimens, respectively, as nondysplasia. All dysplastic specimens were subclassified as low grade by both pathologists with the exception of one that was initially read as high grade by one pathologist but was later resolved as low grade by consensus. Each specimen was then ranked according to the area-under-the-spectra (AUS) of the measured spectra, by group. The average AUS for squamous, Barrett's, and gastric tissues were found to be 34 Ϯ 10 (range 13.8-55.1), 21 Ϯ 8 (range 10.9-40.9), and 31 Ϯ 12 (range 7.9-47.0) in arbitrary units (A.U.), respectively. Individual spectra with AUS in the 90th, 50th, and 10th percentile for squamous [supporting information (SI) Fig. 6A , Barrett's (SI Fig.  6B ), and gastric (SI Fig. 6C ) mucosa are shown to illustrate the biovariability observed in the intensity and location of absorbance bands (SI Fig. 6 ). Next, the spectral peaks are identified and averaged according to histological group, shown in Table 1 . To interpret these patterns, FTIR spectra were collected from pure DNA, glycogen, glycoprotein, and protein in the form of dried film, shown in Fig. 2A , and band assignments were made by comparison. Water is a significant source of infrared light absorption in this regime, and its spectrum is shown as well.
The infrared absorption of squamous mucosa exhibits DNA peaks at average wave numbers of 970 and 1,051 cm Ϫ1 (COO stretch vibration of deoxyribose) and at 1,081 cm Ϫ1 (symmetric PO 2 Ϫ stretch) (20) . The lower wave-number regimes of some squamous specimens show prominent glycogen bands at 1,026, 1,081, and 1,154 cm Ϫ1 (COOOH bend, COC and COO stretch, respectively) (21) . For all squamous mucosa, the bands in the upper wave-number regime are produced by molecular bonds in proteins, including 1,240 and 1,297 cm Ϫ1 (coupled CON stretch to NOH bend of amide III), 1,398 and 1,454 cm Ϫ1 (COH bend in aliphatic side groups of the amino acid residues), 1,544 cm Ϫ1 (CON stretch and NOH bend of amide II) and 1,640 cm
Ϫ1
(CAO stretch of amide I) (22) . In Barrett's mucosa, DNA peaks are seen at average values of 969, 1,051, and 1,081 cm Ϫ1 in the lower half of the spectrum, a mean glycoprotein band at 1,164 cm Ϫ1 (COC stretch), (23) and little spectral evidence of glycogen. Similar to squamous, the upper wave-number regime of Barrett's mucosa exhibits peaks from protein that were found at average wave numbers nearly identical to that of squamous tissues. In gastric mucosa, the lower wave-number regime reveals DNA peaks at average values of 970, 1,049, and 1,080 cm Ϫ1 and glycoprotein bands at mean wave numbers of 1,117 cm Ϫ1 (OOH Fig. 1 . FTIR spectra are collected from a biopsy specimen placed in contact with the ATR crystal. An infrared (IR) beam from a Michelson interferometer is incident on the tissue-crystal interface at angles below critical c and undergoes total internal reflection. An evanescent wave is created within a thin layer of tissue near the surface and is absorbed by the endogenous molecules present. In the interferometer, a moving mirror varies the length of one optical path relative to the other and creates an interferogram that is converted to an absorbance spectrum by a Fourier transform. Quantification of FTIR Spectral Components. The FTIR spectra were fit to a linear model based on the tissue concentration of components based on the extinction coefficients derived from dry powder spectra. The average percent concentration of DNA, protein, glycogen, and glycoprotein from the squamous, Barrett's (nondysplasia and dysplasia), and gastric mucosal specimens along with the mean relative error are found (SI Table 2 ). Several key features of these findings should be noted. Significantly greater glycogen content was observed in squamous mucosa (15 Ϯ 7) than in either Barrett's (3 Ϯ 3, P Ͻ 0.001) or gastric (4 Ϯ 3, P Ͻ 0.001), a result supported by the unique presence of glycogen bands at 1,026 and 1,154 cm Ϫ1 in squamous mucosa. Also, a much higher average glycoprotein concentration was seen in gastric mucosa (12 Ϯ 4) than in either squamous (2 Ϯ 2, P Ͻ 0.001) or Barrett's (3 Ϯ 4, P Ͻ 0.001), a finding consistent with the unique appearance of a glycoprotein band at 1,117 cm Ϫ1 in gastric tissue. Barrett's specimens with dysplasia were found to have higher mean DNA content (9 Ϯ 4% versus 4 Ϯ 3%, P Ͻ 0.001) and (8 Ϯ 4% versus 3 Ϯ 3%, P Ͻ 0.001) and greater average glycoprotein concentration (5 Ϯ 5% versus 2 Ϯ 3%, P ϭ 0.03) and (5 Ϯ 4% versus 2 Ϯ 3%, P ϭ 0.01) for pathologists 1 and 2, respectively, compared with that of the Barrett's specimens without dysplasia. Finally, for the three different tissue types, the average relative error is Ͻ0.1%, which suggests the model provides an excellent fit to the measured spectra.
In Fig. 2B , the FTIR model fits (black) to measured spectra of representative specimens of squamous (red), nondysplastic Barrett's (green), dysplastic Barrett's (orange), and gastric (blue) mucosa are shown. The model parameters and relative error are determined (SI Table 3 ). In Fig. 3 , the histology (H&E) corresponding to the squamous (A), nondysplastic Barrett's mucosa (B), dysplastic Barrett's mucosa (C), and gastric specimens (D) is shown. For the squamous spectrum, prominent bands can be seen at 1,026, 1,081 and 1,154 cm Ϫ1 representing glycogen that is present in the cytoplasm of squamous cells (Fig.  3A) . DNA is present in the centrally located nuclei. The nondysplastic Barrett's mucosa spectrum reveals less prominent DNA bands at 970, 1,051, and 1,081 cm Ϫ1 than that of the dysplastic Barrett's, a finding confirmed by a lower model result for DNA. On histology, nuclei are basally located in the well organized glands of nondysplastic Barrett's (Fig. 3B) , compared with the proliferating dysplastic glands with enlarged, atypical, and pseudostratified nuclei (Fig. 3C) . For the gastric spectrum, prominent bands can be seen at 1,117 and 1,162 cm Ϫ1 that correspond to glycoprotein, which is produced by foveolar glands of the gastric cardia (Fig. 3D) .
Comparison of FTIR Model with Histology. Based on the differences observed in component concentrations, a scatter plot using model coefficients of glycogen and glycoprotein is generated to demonstrate the ability of this method to classify squamous, Barrett's, and gastric mucosa, shown in Fig. 4 . By using a linear discriminant function with leave-one-out cross-validation, squamous could be distinguished from columnar mucosa (Barrett's and gastric) with a sensitivity, specificity, positive predictive value (PPV), and accuracy of 100%, 97%, 95%, and 98%, respectively. The total number of true positives (TP), true negatives (TN), false positives (FP), and false negatives (FN) are identified (SI Table 4 ). Moreover, gastric mucosa could be discriminated from squamous and Barrett's with a sensitivity, specificity, PPV, and accuracy of 89%, 100%, 100%, and 92%, respectively. The FTIR model results for DNA and glycoprotein are shown for the Barrett's specimens subclassified as nondysplasia and dysplasia by pathologists 1 (Fig. 5A) and 2 (Fig. 5B) . Agreement between pathologists for dysplasia by histology alone results in ϭ 0.52 and produced a sensitivity, specificity, PPV, and accuracy of 67%, 85%, 80%, and 76%, with pathologist 1 as the standard. These results are consistent with previously published values (5). However, evaluation of only the data points (n ϭ 18) with higher DNA and glycoprotein (gp) concentrations (those above the ellipsoidal curve), led to a better agreement between the two pathologists for dysplasia, ϭ 0.72 and resulted in a sensitivity, specificity, PPV, and total accuracy of 92%, 80%, 92%, and 89%, respectively. In comparison, evaluation of only the data points (n ϭ 20) with lower DNA and glycoprotein content (below the ellipsoidal curve), led to a much worse agreement, ϭ 0.17, resulting in a sensitivity, specificity, PPV, and accuracy of 50%, 78%, 20%, and 75%, respectively.
Discussion
FTIR collects a rapid molecular fingerprint of tissue that consists of detailed infrared absorption bands in unprocessed tissue. In the ATR mode, light travels through the mucosa along a constant path and allows for quantitative spectral analysis. The results of this study show that individual absorbance peaks from tissue do not vary independently but, rather, change as a pattern determined by the concentrations of four biomolecules. This study also demonstrates that water can be effectively removed so that the infrared absorption spectra from a thin layer of the mucosal surface can reveal the subsurface histology. For example, increased glycogen and glycoprotein content by FTIR reveals the presence of squamous and gastric tissue, respectively. Although the presence of squamous epithelium within Barrett's can also be identified during endoscopy with iodine staining (24) , FTIR is sensitive to small changes in multiple tissue constituents that can be used for discriminating tissue of various pathologies. Furthermore, increased DNA and glycoprotein content predicts the presence of dysplasia in Barrett's mucosa, and is consistent with histological findings of greater DNA activity such as mitoses, enlarged nuclei, and nuclear atypia and of special stains for mucin glycoprotein such as alcian blue (25) . These results are consistent with previous studies that have found increased DNA content by image cytometry (26) and Feulgen staining (27) . These studies used formalin-fixed rather than fresh tissues and found a smaller increase in DNA content for transformation from metaplasia to dysplasia. A limitation of this technique is that dehydration of the mucosal surface effaces the epithelium and creates artifacts on histology that may affect interpretation. Dehydration is performed to sharpen the absorption bands of amide I and II by removing the obscuring effect of water absorption in this regime. Some improvement in the quality of the histology was observed by rehydrating the tissue after completing the FTIR measurement.
In this study, FTIR provides an average concentration of four biomolecules from a surface area of 2 mm 2 , determined by the geometry of the ATR crystal. Vibrational bands outside of this region were omitted to simplify the model. The model provides a very accurate fit despite the presence of molecular interactions and variations that may introduce a shift, distortion, or broadening of individual peaks. This robust feature is particularly relevant to components, such as glycogen and mucin glycoprotein, that have many subtypes that produce subtle differences in spectral line shapes. Moreover, the results show that other known tissue sources of infrared absorption, such as phospholipids and porphyrins, have a negligible contribution to the spectra in this regime. Protein had by far the highest concentration in tissue, a finding that is consistent with its proportion in cells (28) . Thus, to accurately model its role, we used albumin and chymotrypsin to represent the ␣-helix and ␤-sheet conformations and found that a 50:50 mixture best fit the amide I and II peaks. Although other calibration models such as principal component analysis (29) and neural networks (30) may be better suited to analyze the fine structure of the FTIR spectra, a linear model provides an explanation of the sources of infrared absorption in terms of physiological parameters.
In comparison, Raman spectroscopy is an inelastic scattering technique based on unique selection rules that produces weak signals and can become overwhelmed by tissue autofluorescence (31) . Consequently, Raman requires expensive detectors and sophisticated spectral processing, conditions that can be difficult to translate to the clinic for screening purposes (32, 33) . On the other hand, FTIR is an infrared absorption process that produces large signals that are insensitive to tissue autofluorescence. As a result, relatively inexpensive detectors and simple spectral analysis are needed, conditions that are more compatible with clinical use. Although our FTIR results for identifying dysplasia appear promising, the accuracy of this technique was determined by comparison with the evaluation of the pathologist used as the ''gold'' standard, which is not ideal for histopathological interpretation. The ultimate determinant of the utility of this adjunct technique would be its ability to improve long-term patient outcomes, both in regards to the subsequent incidence of adenocarcinoma and to patient survival. Furthermore, analysis of the more subtle features may reveal spectral findings that appear well before histological changes occur. These results can be used to better stratify patients at a higher risk of developing adenocarcinoma for increased frequency of surveillance.
Materials and Methods FTIR Spectra Collection from Esophageal Specimens.
A total of 32 patients with a mean age 67.9 years (range, 52-88), history of Barrett's esophagus (intestinal metaplasia on biopsy), and no histor y of esophageal malignancy, undergoing routinesurveillance endoscopy were recruited for this study. The average length of Barrett's mucosa screened was 4.0 Ϯ 1.6 cm (range, [1] [2] [3] [4] [5] [6] [7] [8] . The protocol was approved by the human subjects committee at Stanford Hospital and Clinics and the Veterans Affairs Palo Alto Health Care System. After informed consent and completion of the endoscopic evaluation, several pinch biopsies were collected from the distal esophagus with jumbo forceps. The specimens were transported on moist gauze immediately to the spectrometer (Nexus 470; Thermo Electron, Madison, WI). Cool air was gently blown onto the mucosal surface for Ϸ20 sec to remove ambient moisture and thus reduce the effect of water absorption in the collected spectra. The mucosal surface of the specimens was placed in contact with the ATR crystal, which has a single reflection geometry and is made of zinc selenide (ZnSe). Further dehydration of each sample was performed until an amide I/amide II band ratio of Ϸ0.85 was observed. Only specimens with sufficient size to completely cover the 2 mm 2 surface area of the ATR crystal were included in the study. A total of eight coadded scans from 950 to 1,800 cm Ϫ1 with 4 cm Ϫ1 resolution by using a DTGS detector were collected in Ͻ3 sec. The spectrometer was continually purged with dry air to remove water vapor and CO 2 . After the spectra were collected, the tissue was rehydrated with normal saline (0.9%) and placed in 10% formalin. The specimens were then cut in 4-m sections and stained with H&E.
Analysis of Pure Component Spectra. Dehydrated films of DNA, protein, glycoprotein, and glycogen were used without further purification and include (i) calf thymus DNA (10 mg/ml; Invitrogen, Carlsbad, CA); (ii) 50:50 mixture by weight of human serum albumin (263 mg/ml; GTC Biotherapeutics, Framingham, MA) and type 2 ␣-chymotrypsin (500 mg/ml; Sigma, St. Louis, MO); (iii) type 1-S mucin (100 mg/ml; Sigma); and (iv) glycogen (20 mg/ml; Boehringer Ingelheim, Ingelheim, Germany). Approximately 1 ml of each standard was placed onto a CaF 2 window and dehydrated with cool air before spectra collection. Spectral peaks were identified by using Omnic software, version 6.2 (Thermo Electron).
Model of FTIR Spectra. The AUS of the measured spectrum S(v) is determined by summing the absorbance values over the spectral regime 950 Ͻ v Ͻ 1,800 cm Ϫ1 .
AUS ϭ vϭ950
1800 S͑v͒ 
The percent concentration c i of each component was determined by first subtracting out the spectrum of water from that of tissue by a factor that achieved an amide I/amide II band ratio of 0.85 (34) . Then, the error function E(v) was minimized by a partial least-squares fit using TQ Analyst Pro Ed software, version 6.2 (Thermo Electron). The four coefficients were constrained to sum to 100%.
The relative error (Rel Err) is defined as the ratio of the sum of the absolute difference between the measured spectrum and the model result ͉ S(v) Ϫ SЈ(v) ͉ over the spectral range 950 Ͻ v Ͻ 1,800 cm Ϫ1 and the AUS of the measured spectrum.
Rel Err ϭ vϭ950 1800 ͉SЈ͑v͒ Ϫ S͑v͉͒͞ vϭ950
1800 S͑v͒
[4]
Histopathological Evaluation of Tissue Specimens. Histopathological evaluation was performed independently by two gastrointestinal pathologists blinded to the FTIR results. The specimens were classified as follows: (i) squamous mucosa with no, minimal, or marked basal zone hyperplasia; (ii) intestinal metaplasia (Barrett's esophagus) with no, mild, or moderate hyperplasia, no dysplasia; (iii) intestinal metaplasia (Barrett's esophagus) with mild, moderate, or severe dysplasia; and (iv) gastric cardia/fundic mucosa with no, minimal, or moderate foveloar cell hyperplasia. Specimens with excessive tissue artifact, chronic inflammation, or insufficient tissue for evaluation were excluded from the analysis.
Statistical Analysis. Statistical significance (P value) was calculated by using a two-sided Student's t test with unequal variance, and interobserver agreement was determined by using -statistics with an equal range of scores. Diagnostic performance is defined by sensitivity ϭ TP/(TP ϩ FN), specificity ϭ TN/(TN ϩ FP), positive predictive value ϭ TP/(TP ϩ FP), and total accuracy ϭ (TP ϩ TN)/(TP ϩ TN ϩ FP ϩ FN), given the number of true positives (TP), true negatives (TN), false positives (FP), and false negatives (FN). A linear discriminant function was used to classify the data with STATA, version 9.2 (STATA, College Station, TX), and the performance of the FTIR model to classify squamous and gastric mucosa was determined by using the leave-one-out, cross-validation technique (35) .
